We propose a method for enhancing the contrast of a given grayscale image by specifying the interpolated histogram of the equalized one as a target histogram for the histogram specification method. The proposed histogram interpolation method fills empty bins in the equalized histogram by using the neighboring non-zero elements, and preserves the shape of original histogram. As a result, we can avoid the image over-enhancement which frequently occurs in conventional histogram equalization. Experimental results demonstrate the effectiveness of the proposed method visually and quantitatively with objective image quality measures.
Introduction
Contrast enhancement (CE) is an important issue in the field of image processing. Histogram equalization (HE) (1) is a well-known method for CE. However, HE tends to overenhance the contrast of low contrast images, and amplify noise (2) . As a result, the enhanced images may have false contours. We can find the footprint of the over-enhancement in the histogram of the histogram-equalized image, i.e., the resultant histogram frequently becomes sparse, in other words, a number of elements of the histogram are zero. The sparsity of the histogram indicates that there exist gaps in continuous-tone.
To overcome such a difficulty in HE, we have recently proposed a histogram specification (HS) method (3) based on the fast ordering algorithm by Nikolova and Steidl (4) , which bridges the gap by filling the empty bins in the equalized histogram with piecewise constant non-zero values. This HS method (3) achieved better performance than conventional HE for most of the tested images. However, the HS method (3) is computationally expensive compared to HE because Nikolova's method (4) is a demanding procedure. To reduce the computational costs in the HS method (3) , we have also proposed more computationally efficient methods (5) without
Nikolova's method (4) . However, we have observed that some images are still over-enhanced even if we use the HS methods (3, 5) . In this paper, we propose an improved HS method, where we interpolate a sparse histogram by using a procedure for selecting local maximum and minimum values. Experimental results show that the proposed method can suppress the contrast over-enhancement caused by the previous methods.
The rest of this paper is organized as follows. Section 2 describes the proposed interpolated histogram specification. Section 3 summarizes image quality measures used in the experiments. Section 4 shows experimental results. Finally, Section 5 concludes this paper.
Interpolated Histogram Specification
In this section, we first summarize histogram equalization method, and then propose a histogram interpolation method. After that, we describe a histogram specification method based on the interpolated histogram.
Histogram Equalization
Let be a grayscale image, and let ∈ {0,1, … , − 1} for = 1,2, … , and = 1,2, … , be the intensity at the position ( , ) in , where denotes the number of intensity levels, e.g., = 2 8 = 256 for 8-bit 
Interpolating Equalized Histogram
To reduce the empty bins in , we fill them by interpolation. Let
be the interpolated one. We proposed to fill the th element of is given by
where ℎ denotes the th element of
where we define ℎ −1 = ℎ = −∞ and ℎ −1 = ℎ = ∞.
Histogram Specification
, then the th element of is given by = ∑ ℎ ′ ′ =0
. Let = [ ] be the output image of the histogram specification method with . Then the pixel value is given by
The proposed algorithm is summarized as follows: 
Image Quality Measures
In this section, we summarize three image quality measures: the expected measure of enhancement by gradient (EMEG) (6) , the gradient magnitude similarity deviation (GMSD) (7) and the combination of EMEG and GMSD (EMEG/GMSD) (3, 5) , which will be used for the performance evaluation of the proposed method in the next section.
Expected Measure of Enhancement by Gradient
EMEG proposed by Celik (6) is defined by
where , ,ℎ ( , ,ℎ ) and , , ( , , ) are the maximum and minimum values of absolute valued derivatives in horizontal (vertical) direction of 1 × 2 sub-block , of an image , = − 1, and is a positive constant. We set = 1, 1 = 2 = 8, = fix( / 1 ) and = fix( / 2 ) where fix denotes a function for rounding toward zero. The larger the value of EMEG of an image is, the higher the quality of the image is.
Gradient Magnitude Similarity Deviation
GMSD proposed by Xue et al. (7) is a full reference image quality assessment model defined by
where GMSM , ′ denotes the average of GMS , ′ which is the value of the GMS map at ( , ) defined by
where , and ′ , denote the gradient magnitudes of and ′ at ( , ) , respectively, and is a positive constant for numerical stability. A lower value of GMSD means higher quality. The MATLAB source code for calculating GMSD can be downloaded at http://www4.comp.polyu.edu.hk/~cslzhang/IQA/GMSD/G MSD.htm.
EMEG over GMSD
EMEG/GMSD proposed by Yu et al. (3, 5) incorporates the above EMEG and GMSD into a single value as follows:
The larger the value of EMEG/GMSD is, the higher the image quality. This property of EMEG/GMSD is consistent with that of both EMEG and GMSD.
Experimental Results
Fig . 1 shows the results of contrast enhancement of a grayscale image 'Building' in the SIDBA standard image database (8) . Fig. 1(a) shows the original image, and Figs.
1(b)-(e)
show the contrast-enhanced images by HE, linear, constant and the proposed HSs, respectively. Both Figs. 1 (c) and (d) are over-enhanced, and show the intensity saturation on the holy wall and the leaves of trees. Fig. 1(e) shows the output image of the proposed HS. In Fig. 1 (e) , the overenhancement observed in Figs. 1(c) and (d) is suppressed. Fig. 2 shows the histograms corresponding to the images in Fig. 1 . In each graph in Fig. 2 , the vertical and horizontal axes denote the number of pixels and the intensity, respectively. In Fig. 2 Fig. 2(a) . On the other hand, in On the other hand, the proposed method provides a reasonable interpolation result as shown in Fig. 3(c) . As a result, the over-enhancement is avoided in Fig. 1(e) .
The results of contrast enhancement for other images are shown in Fig. 4 , where the 11 original images are shown in the top row, and the corresponding output images by HE, linear, constant and proposed HS methods are shown from the second to fourth rows, respectively. We can see the contrast over-enhancement and its suppression similar to that in Fig. 1 for two images 'Lighthouse' and 'Text' in Fig. 4 . Table 1 shows the evaluated values of the three image quality measures, EMEG, GMSD and EMEG/GMSD (E/G), for the above enhanced images. For each image and each image quality measure, four contrast enhancement methods, HE, linear, constant and proposed HS, are compared, and the best performance among the four methods is indicated by bold numbers in Table 1 . The bottom row in the table shows the average values of the 12 images. For EMEG, HE achieved the highest value on average. For GMSD, linear HS achieved the lowest value on average. For E/G, constant HS achieved the highest value on average. The proposed method achieved the best GMSD and E/G values for two images 'Building' and 'Lighthouse'. Among the three image quality measures, EMEG has a tendency to prefer HE since HE achieved the highest average value. GMSD and E/G tend to select similar images and methods as good qualities, and assign better values to 'Building' and 'Lighthouse' images enhanced by the proposed HS. However, for 'Text' image, the proposed HS received a low evaluation, although the enhanced images by HE and the proposed HS are visually similar. These observations suggest that the three image quality measures are not almighty ones for objective evaluation of image quality. Number of pixels
Intensity

Conclusions
In this paper, we proposed a method for image contrast enhancement by a histogram specification (HS) method where the target histogram for a given grayscale image is automatically computed from the given image by using local maximum and minimum selection operations. The target histogram is obtained by interpolating the equalized histogram of a given image by filling its empty bins with the neighboring non-zeros values. Experimental results show that the proposed is also effective for some images which are over-enhanced by previous HS methods. Future work will include the development of image quality measures consistent with the image quality evaluation by human beings. Fig. 3 . Target histograms. 
